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Abstract Western Turkey has a long history of large earthquakes, but the responsible faults are poorly
characterized. Here we reassess the past half century of instrumental earthquakes in the Simav-Gediz region,
starting with the 19 May 2011 Simav earthquake (Mw 5.9), which we image using interferometric synthetic
aperture radar and regional and teleseismic waveforms. This event ruptured a steep, planar normal fault
centered at 7–9 km depth but failed to break the surface. However, relocated main shock and aftershock
hypocenters occurred beneath the main slip plane at 10–22 km depth, implying rupture initiation in areas
of low coseismic slip. These calibrated modern earthquakes provide the impetus to relocate and reassess
older instrumental events in the region. Aftershocks of the 1970 Gediz earthquake (Mw 7.1) form a narrow
band, inconsistent with source models that invoke low-angle detachment faulting, and may include events
triggered dynamically by the unilateral main shock rupture. Epicenters of the 1969 Demirci earthquakes
(Mw 5.9, 6.0) are more consistent with slip on the south dipping Akdag˘ fault than the larger, north dipping
Simav fault. A counterintuitive aspect of recent seismicity across our study area is that the largest event
(Mw 7.1) occurred in an area of slower extension and indistinct surface faulting, yet ruptured the surface,
while recent earthquakes in the well-deﬁned and more rapidly extending Simav graben are smaller
(Mw <6.0) and failed to produce surface breaks. Though our study area bounds a major metamorphic core
complex, there is no evidence for involvement of low-angle normal faulting in any of the recent large
earthquakes.
1. Introduction
Western Turkey is a rapidly extending continental region with a long history of destructive normal faulting
earthquakes including several large instrumentally recorded events. It is bound by the right-lateral North
Anatolian fault to the North, the Anatolian plateau to the East, the Cyprus Arc and Hellenic Trench to the
South, and the Aegean Sea to the West (Figure 1a). GPS velocities show maximum N-S extension rates of
∼30 mm/yr along the Aegean coastline at a longitude of ∼27∘ E, diminishing to zero east of ∼32∘ E [Aktug˘
et al., 2009] (Figure 1b). Extension is expressed in the regional topography by a series of approximately
E-W trending graben and half graben [e.g., Sengör, 1987; Seyitog˘lu, 1997; Yılmaz et al., 2000], and in crustal
thicknesses, which are thinner in western Turkey (25–35 km) than in central and eastern Anatolia (35–45 km
and 45–55 km, respectively) [e.g., Saunders et al., 1998; Karabulut et al., 2013; Tezel et al., 2013; Vanacore et al.,
2013;Delph et al., 2015; Kind et al., 2015]. In general, normal faults closer to the Aegean have greater relief and
longer segment lengths and are presumably at amore advanced stage of development than those bordering
theAnatolianplateau in theeast (Figure 1a). This gradient indeformation couldpotentially yieldnovel insights
on the evolution of normal faulting through time. However, a simple space-for-time substitution is compli-
cated by the potential involvement of structures inherited from earlier phases of shortening and extension
during the Cenozoic.
The Early Cenozoic history of western Turkey is dominated by northward subduction of Neotethys oceanic
lithosphere, concluding in the late Eocene to early Oligocene continental collision of theAnatolidemicroplate
with the southern Eurasian margin [e.g., Sengör and Yılmaz, 1981; van Hinsbergen, 2010]. Subsequent late
Cenozoic extension manifests itself in two distinct styles of deformation: (1) exhumation of the Menderes
Massif metamorphic core complex along three major low-angle detachment faults, starting in the latest
Oligocene; and (2) ∼E-W trending graben formation along high-angle normal faults, starting in the early
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Figure 1. (a) Topography, active faults, and GPS velocities of western Turkey. GPS velocities from Aktug˘ et al. [2009] are
plotted relative to central Anatolia with 95% conﬁdence ellipses and are colored according to position relative to major
faults and graben. The study area is outlined by the box, while the cyan-shaded area shows the extents of the Menderes
Massif [van Hinsbergen et al., 2010]. Major faults, compiled and modiﬁed from S¸arog˘lu et al. [1992] and Armijo et al.
[2005], are denoted by blue lines. (b) Proﬁle of the northward GPS velocity component, color coded as in Figure 1a.
Dashed lines are linear trends through each colored subset of velocities.
Miocene and continuing to the present day [e.g., Hetzel et al., 1995; Bozkurt and Sözbilir, 2004; Thomson
and Ring, 2006; Hetzel et al., 2013]. Possible driving forces of this extension include rollback of northward
subducting Mediterranean oceanic lithosphere, gravitational collapse of overthickened continental crust, or
changes in regional plate conﬁguration such as opening of the Red Sea [e.g., McKenzie, 1978; Le Pichon and
Angelier, 1979; Dewey, 1988; Seyitog˘lu and Scott, 1991; Koçyig˘it et al., 1999; Bozkurt and Sözbilir, 2004]. In spite
of the dense set of measured GPS velocities, there are conﬂicting views onwhether western Turkey now com-
prises a small number of rigid microplates [Nyst and Thatcher, 2004; Reilinger et al., 2006; Tiryakiog˘lu et al.,
2013] or whether deformation is more evenly distributed across an array of active faults [Aktug˘ et al., 2009].
This debate is hindered by incomplete knowledge of the faults responsible for several historical and early
instrumental earthquakes and the degree to which structures inherited from earlier phases of deformation
inﬂuence contemporary kinematics.
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Figure 2. (a) Shaded-relief topography of the study area showing larger towns, physiographic features, faults, and
surface ruptures of the 1944 Çeltikçi and 1970 Gediz earthquakes [Ambraseys and Tchalenko, 1972]. (b) Earthquakes of
Mw ≥ 4.0 with focal mechanisms where available. Red mechanisms are from teleseismic body waveform modeling, grey
mechanisms are from ﬁrst motions, and black mechanisms are from the Global CMT catalogue; details and references for
all these solutions are provided in Tables 1, 5, and 6. Black boxes show the locations of the Simav, Gediz and Demirci
clusters in Figures 5, 8, and 9, respectively.
In this study, we investigate a series of large earthquakes in the Simav-Gediz region (Figures 1a and 2) which,
if properly characterized, could help address these controversies. We start by characterizing the recentMw 5.9
Simav earthquake of 19 May 2011 and its aftershock sequence using an assortment of modern data which
include synthetic aperture radar interferometry (InSAR) and dense regional seismic recordings. This event
is then used as a catalyst to reassess older instrumental events in the region using an improved calibrated
earthquake relocationmethod. Of particular interest to us are theMw 7.1 Gediz earthquake of 28March 1970,
which is among the largest continental normal faulting earthquakes recorded globally and the largest in
western Turkey, and theMw 5.9 andMw 6.0 Demirci earthquakes of 23 and 25March 1969, which are the next
largest instrumental events in this region. The faults responsible for these older events remain unclear due
in part to large epicentral uncertainties, and there have been controversial suggestions that basal, low-angle
detachment faultswere involved [Eyidog˘anandJackson, 1985;Braunmiller andNábeeˇlek, 1996; Seyitog˘lu, 1997;
Gürbog˘a, 2013]. Because the faulting is so poorly characterized, the risks posed to nearby cities are also little
understood.
2. Geological and Tectonic Setting
Our study is focusedon the area surrounding the townsof Simav andGediz in southwesternKütahyaprovince.
The dominant physiographic feature in the area is the Simav graben, a ∼50 km long, up to ∼10 km wide,
approximately E-W trending basin bounded by normal faulting on bothmargins (Figure 2). The north dipping
Simav fault on the southern margin is straighter and exhibits greater relief (∼1000 m) than faulting along the
northern margin. It has a reported average dip of 45∘–50∘, though surface exposures of the fault plane are
rare [Seyitog˘lu, 1997]. National active fault databases assign the Simav fault a signiﬁcant right-lateral compo-
nent [S¸arog˘lu et al., 1992; Emre et al., 2011]. Its footwall comprises the strongly asymmetric Demircidag˘ range,
characterized by a steep north facing slope adjacent to the Simav graben and a gentle south facing slope.
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The latter follows the latest Oligocene to earlyMiocene Simav detachment fault, which exposesmetamorphic
rocks of the Menderes Massif and is cut by the N-S trending Demirci and Selendi basins, whose sedimen-
tary and volcanic rocks record a later phase of extension in the middle Miocene [Seyitog˘lu, 1997; Yılmaz et al.,
2000; Is¸ık and Tekeli, 2001; Purvis and Robertson, 2004; Thomson and Ring, 2006]. South dipping faulting on the
northern side of the Simav graben, which we hereby refer to as the Akdag˘ fault but which may actually
comprise several discontinuous fault segments, is less well developed than the north dipping Simav fault.
Its footwall lacks the steep range front of the Demircidag˘, despite beingmade of harder rocks (early Miocene
granites, volcanics, and sediments). Despite the physiographic asymmetry of the Simav graben, there is still
some debate over which of its bounding faults is dominant. The graben ﬂoor tilts northward and its trunk
stream (the Simav River) hugs its northern side, as if controlled by the south dipping Akdag˘ fault [Eyidog˘an
and Jackson, 1985]. However,Westaway [1990] proposed that the north dipping Simav fault dominates on the
basis of southward dipping Neogene sediments exposed along the southern side of the basin.
East of the Simav graben, the surface expression of active faulting becomes much less distinct. Lowlands
surrounding the town of Gediz comprise Middle Miocene to Early Pliocene interbedded limestones, marls,
sandstones and volcanics, and, in contrast with the Simav graben lack a thick Quaternary basin ﬁll
[Gürbog˘a-Deveci et al., 2013]. Surroundingmountain ranges include the S¸aphanedag˘ to theWest of Gediz and
Muratdag˘ to the southeast, both ofwhich comprisemetamorphic rocks of theMenderesMassif. The E dipping
As¸ıkpas¸a-Muhipler fault zone, which ruptured during the 1970Gediz earthquake, bounds the eastern slope of
the S¸aphanedag˘ yet is poorly deﬁned in the landscape [Ambraseys and Tchalenko, 1972]. The northern slope
of Muratdag˘ is deﬁned by a set of north dipping normal faults, of which the Erdog˘mus¸-Hamamlar fault also
ruptured during the 1970 earthquake [Ambraseys and Tchalenko, 1972; Gürbog˘a, 2013].
There are written records of two major historical earthquakes in the study area. An earthquake on 18 April
1896 destroyed many houses in the Emet region (Figure 2), but there are no ﬁrm estimates of its epicenter or
magnitude [Tas¸demirog˘lu, 1971]. The Çeltikçi earthquake on 25 June 1944 caused severe damage to villages
on the eastern and southern ﬂanks of S¸aphanedag˘, where there were also some reports of discontinuous
surface rupturing; the magnitude has been estimated as ∼6 [Tas¸demirog˘lu, 1971; Ambraseys and Tchalenko,
1972; Ambraseys and Jackson, 1998]. Instrumentally recorded events (Figure 2) can be divided into three
clustered sequences: (1) the 2011 Simav sequence in the eastern Simav graben, which includes the
19 May 2011Mw 5.9 earthquake; (2) the Gediz sequence starting with the 28 March 1970Mw 7.1 earthquake,
in the eastern part of our study area; and (3) the Demirci sequence starting withMw 5.9 andMw 6.0 events in
1969 in the western Simav depression.
3. The 19 May 2011 Simav Earthquake
The 19May 2011 Simav earthquake (Mw 5.9) occurred close to the eastern end of the Simav graben (Figure 2).
Despite the moderate size, two people were killed, ∼100 people were injured, and ∼2000 households were
heavily damaged or collapsed [Zülﬁkar et al., 2011]. Published focal mechanisms from several sources con-
sistently indicate WNW-ESE normal faulting with nodal plane dips in the range 30∘–60∘ (Table 1). Although
minor cracking was observed in two locations west of Simav, approximately coincident with the north
dipping Simav fault, there were no clear indications of primary surface rupturing [Zülﬁkar et al., 2011; Demirci
et al., 2015]. Aftershocks relocated with the double-diﬀerence technique do not align along a clear rupture
plane [Görgün, 2014; Demirci et al., 2015], and hence, the dip direction of the causative fault is unclear. Body
waveformmodeling by Yolsal-Çevikbilen et al. [2014] indicates a centroid depth of∼9 km, also consistent with
the lack of surface ruptures. Themain shockwas preceded by aMw ∼5.1 event on 17 February 2009 in approx-
imately the same location and a smaller, Mw 4.4 foreshock which occurred 15 min before the main shock
(Table 1).
In this section we reanalyze the Simav earthquake using new seismological observations and modeling
complemented by the ﬁrst measurements of its surface deformation from InSAR. Our aims are to better
constrain the location and orientation of the causative fault and to investigate the possible involvement of
low-angle or listric structures which may not be captured in the simple point source, double-couple models
published for this event.
3.1. Teleseismic Body WaveformModeling
We used long-period teleseismic body waveformmodeling to determine the main shock source parameters.
Broadband seismograms recorded by the Global Digital Seismic Network were deconvolved to give an
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equivalent response of World-Wide Standardized Seismograph Network 15–100 s long-period instruments,
in order to remove high-frequency noise and so that the source can be represented as a point in space
(the centroid). In order to avoid complications from Earth’s crust and outer core, we only used waveforms in
the distance range 30∘–90∘. Then, we used the MT5 version [Zwick et al., 1994] of the weighted least squares
algorithm of McCaﬀrey and Abers [1988] and McCaﬀrey et al. [1991] to invert the P and SH waveforms to
ﬁnd the best ﬁt strike, dip, rake, scalar moment, centroid depth, and source time function. Synthetic wave-
form amplitudes were corrected for geometrical spreading [Langston andHelmberger, 1975] and for anelastic
attenuation,with a t∗ (the ratioof traveltime to averageQ) of 1.0 s forP and4.0 s for SHwaves [Futterman, 1962].
Uncertainties in t∗ aﬀect source duration and moment but have negligible inﬂuence on other source param-
eters [Fredrich et al., 1988; Maggi et al., 2000]. We modeled P, pP, and sP phases on 25 s vertical component
seismograms and S and sS phases on 30 s transverse component seismograms, weighted the seismograms
according to azimuthal density, and halved the weighting of the SH waveforms to account for their larger
amplitudes. We assumed an elastic half-space with Vp = 5.3 km s
−1, Vs = 3.3 km s
−1, and density 2600 kg m−3,
values chosen on the basis of the local velocity structure obtained from our calibrated relocation analysis in
section4. Arrival timeswere checkedagainst broadband recordsbefore the inversion, toprevent anypotential
biases that could arise from traveltime anomalies.
Though ourmodeling approach is very similar to that of Yolsal-Çevikbilen et al. [2014], theirmodeled P seismo-
grams contain a large (168∘) azimuthal gap and they only incorporate three SH records. We use a more even
P seismogram spacing including several at southern azimuths and also include 22 SH seismograms, which
provide additional sensitivity to changes in fault orientation. Ourmodel also uses seismogenic layer velocities
that are determined by available near-source data.
Our solution for the Simav earthquake has a clear ∼WNW-ESE trending normal mechanism (parallel to the
local strike of the Simav fault) and is similar to other published solutions, with discrepancies in strike, dip,
and rake of no more than 30∘, 20∘ and 30∘, respectively (Figure 3 and Table 1). The NNE dipping nodal
plane is slightly steeper (54∘) than the SSW dipping plane (37∘) and neither exhibits a signiﬁcant strike-slip
component, in contrast with published fault maps of the area [S¸arog˘lu et al., 1992; Emre et al., 2011]. Our
centroid depth of 8 km is shallower than the Yolsal-Çevikbilen et al. [2014]’s solution of 9 km but consistent
given their choices of seismic velocity (Vp = 6.8 km/s, Vs = 3.9 km/s). To investigate uncertainties in key param-
eters, we run further inversions in which individual parameters are ﬁxed incrementally on either side of their
minimum misﬁt values, and the resulting model errors are compared to the best solution [e.g., Molnar and
Lyon-Caen, 1989; Taymaz et al., 1991]. We ﬁnd that the strike can be altered by ±15∘ and the centroid depth
by ±2 km before any clear, visual degradation to the seismogram misﬁts can be detected (Figure S1 in the
supporting information).
We also investigated whether the Simav earthquake involved listric faulting, as has been proposed for some
other earthquakes within Western Turkey [e.g., Taymaz and Price, 1992]. We followed a similar modeling
procedure to those used by Eyidog˘an and Jackson [1985] and Braunmiller and Nábeeˇlek [1996] in their studies
of earlier events in this region. To simulate rupture of a listric (upward concave) fault, we represented the
earthquake as three separate point sources with dips and depths ﬁxed at 35∘ and 11 km, 55∘ and 9 km, and
75∘ and 7 km and with strikes and rakes ﬁxed to the values of the single point source solution. The moments,
source time functions, and relative timing of the three source events were then allowed to vary in a series
of inversions. No matter which subevent was allowed to rupture ﬁrst, normalized errors were larger than
for the single event solution. Furthermore, almost all of the moment release was forced onto the middle
(55∘ dipping) fault plane. Lastly, our preferred teleseismic (single-event) waveform model is consistent with
ﬁrstmotions recorded on regional seismograms [Yolsal-Çevikbilen et al., 2014], which represent the initial seis-
mic energy radiation, presumably at or near the base of the fault (Table 1). In summary, all available evidence
supports slip on a planar, moderately dipping fault, and there is no indication of signiﬁcant slip on a lower
angle or listric structure.
3.2. Regional WaveformModeling
For an independent check on the Simav main shock focal mechanism and centroid depth, we performed
a regional moment tensor (RMT) analysis using Herrmann et al. [2011]’s methodology. This technique uses
surface wave spectral amplitudes and radiation patterns recorded at regional distances and is therefore inde-
pendent from the teleseismic body waveform modeling employed in the previous section. By matching the
larger amplitude surface waveforms, in addition to the P and S body waves, earthquakes as small as Mw ∼4
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Figure 3. Minimum misﬁt solution for the 19 May 2011 Simav earthquake calculated by inverting long-period P
(upper panel) and SH (lower panel) teleseismic body waves. Numbers below the event date show the strike, dip,
and rake of the NNE dipping nodal plane; the centroid depth in kilometers; and the moment in Nm. Observed
(black solid) and synthetic (red dashed) waveforms are plotted around the focal spheres with the inversion window
indicated by vertical ticks. These stations are ordered clockwise by azimuth, with station codes written vertically.
Stations are denoted by capital letters on the focal spheres. The source time function (STF) is plotted between two
focal spheres, with the waveform time scale below it. The amplitude scales for the waveforms are shown with vertical
bars next to each focal sphere in microns and the lowercase letter “d” indicates the instrument type (Global Digital
Seismographic Network (GDSN) long period). P and T axes are represented by solid and open circles, respectively,
on the P wave radiation pattern.
can be examined in this way. The RMT inversion scheme assumes a step function for themoment release and
treats each event as a point source, which is reasonable for earthquakes of this magnitude or smaller. The ﬁrst
stage of themodeling uses an assumed velocitymodel to compute Green’s functions from the source to each
receiver. Next, at 1 km increments in centroid depth, the observedwaveform trace is comparedwith synthetic
waveforms computed for each receiver. To obtain best ﬁtting parameters, a grid search is performed over all
values of strike, dip, and rake angles at 10∘ increments, followed by a 5∘ search in a region±20 about the best
ﬁt [Herrmann et al., 2011].
We used high quality broadband waveform data recorded by 34 stations of the National Seismic Network
of Turkey over the distance range 100–600 km, which provided excellent azimuthal coverage (Figure S2).
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Table 2. The Crustal Model Determined by and Used in the Earthquake
Relocation, as Described in Section 4 (Figure S4)a
Depth to Top of Layer (km) P Velocity (km s−1) S Velocity (km s−1)
0 5.30 3.30
12 5.60 3.45
16 5.90 3.50
35 7.90 4.50
aThe ak135 velocity model is used for all noncrustal phases at all
epicentral distances [Kennett et al., 1995].
Thesewere ﬁlteredusing a 0.025–0.06Hzpassband. Green’s functionswere computedusing the local velocity
model obtained from our calibrated relocation analysis in section 4 (Table 2). Our best ﬁt focal mechanism
(Figure S2) is in excellent agreement with the one obtained from teleseismic body waveform analysis, with
discrepancies of 4∘ in strike, 1∘ in dip, 13∘ in rake, and 1 km in centroid depth (Table 1).
3.3. InSAR
Ground deformationmeasuredwith InSAR provides a third set of independent constraints on the earthquake
source mechanism and allows us to determine more precisely the location and depth extent of the ruptured
fault plane. A coseismic interferogramof the Simav earthquakewas constructed fromusing the Jet Propulsion
Laboratory (JPL)/Caltech Repeat Orbit Interferometry PACkage (ROI-PAC) software ENVISAT descending track
scenes acquired on 6 May 2011 and 15 June 2011, with a center scene incidence angle of 41∘ measured from
the vertical (Figure 4a). The perpendicular baseline of 400 m is much larger than ideal and may be the source
of noise in coherent parts of the interferogram and decorrelation over mountainous areas. Nevertheless,
the interferogram displays a clear, elliptical, WSW-ENE trending pattern of fringes, containing peak displace-
ments of three radar half wavelengths (∼8.5 cm) away from the satellite. There is no sharp phase discontinuity
along either margin of the fringe ellipse, implying that faulting failed to break the surface [e.g., Lohman et al.,
2002], in agreement with the lack of ﬁeld observations of primary surface rupturing. Thus, the surface pro-
jection of the faulting might be either at the northern or at the southern edge of the elliptical fringe pattern.
Furthermore, the interferogram contains considerable noise, with amplitudes exceeding one fringe in places,
and displacement of the footwall block is thus impossible to observe. As the fringe spacing on each long
edge of the ellipse is roughly the same, the dip direction of the responsible fault is also unclear [e.g., Lohman
et al., 2002].
We generated a series of elastic dislocation models [Okada, 1985] and synthetic interferograms by inverting
the interferometric data to ﬁnd the best ﬁtting source parameters [Wright et al., 1999]. We assumed slip on
a single, rectangular fault buried in an elastic half space with Lamé parameters 𝜇 = 𝜆 = 3.2 × 1010Pa and a
Poisson ratio of 𝜈 = 0.25, and we tested, separately, both north and south dipping planes. As is common for
earthquakes on blind faults, we found a strong trade-oﬀ between fault slip and down-dip fault width, and for
the models presented here we have assumed a ﬁxed slip magnitude of 0.5 m. The top and bottom depths
of the uniform slip model faults should therefore be considered approximate only although its center depth
is robust to plausible changes in slip magnitude. Due to the moderate earthquake magnitude, the signiﬁ-
cant atmospheric noise, and the single available look direction, we do not attempt a variable slip model nor
do we further test listric fault geometries, given that the imaging geometry of SAR satellites is insensitive to
northward or southward motions.
The strikes of our minimum misﬁt InSAR model faults did not agree closely with the nodal plane strikes of
our teleseismic or regional waveform solutions. Upon further testing, we found that body waveform models
are most sensitive to changes in fault orientation, and so in our ﬁnal InSAR models we ﬁxed the strike to
match those of the bodywaveform nodal planes (289∘ and 117∘, labeledModels A and B in Figures 4c and 4e,
respectively and in Table 3). Residual (observed minus model) displacements for both north and south dip-
ping faults are less than one fringe (Figures 4d and 4f). InSAR model faults have somewhat shallower dips
(36–38∘) than the waveform-based solutions and also include a small component of left-lateral slip (Table 3).
The top and bottom depths of the model fault planes are ∼6 km and ∼10.5 km, respectively, and the center
depth of 8–9 km is therefore in good agreement with the centroid depths obtained from modeling both
teleseismic and regional waveforms. The north dipping fault (Model A) is in a location consistent with clear
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Figure 4. (a) Coseismic interferogram constructed from ENVISAT descending track scenes from 16 May 2011 to
15 June 2011 using the JPL/Caltech ROI-PAC software [Rosen et al., 2004]. i is the line-of-sight (LOS) vector, with a
center scene incidence angle of 41∘ measured from the vertical. Positively increasing values within each color cycle
indicate increasing LOS displacement toward the satellite. (b) Conjugate model faults overlain on shaded topography.
The boxes show the rectangular model faults in plan view and the lines show their up-dip surface projections. (c) Model
and (d) residual (observed minus model) interferogram for a NNE dipping model fault. (e) Model and (f ) residual
(observed minus model) interferogram for a SSW dipping model fault.
faulting expressed in the topography, aligning closely with the eastern end of the north dipping Simav fault
(Figure 4b), whereas the south dipping fault projects to the surface among mountainous topography with
no indication of surface faulting. This strongly implies that it was the north dipping Simav fault that ruptured
during the 19 May 2011 earthquake.
Table 3. InSAR Model Fault Parameters for the 19 May 2011 Simav Main Shocka
Slip Length Top Bottom Center Moment RMS
Model Strike Dip Rake (m) Latitude Longitude (km) (km) (km) (km) (Nm) Mw (cm)
A 289b 38 290 0.5a 39.075 29.023 8.9 5.8 10.0 7.9 1.00 × 1018 5.9 0.99
B 117a 36 298 0.5a 39.218 29.138 10.3 5.8 11.4 8.6 1.60 × 1018 6.1 0.99
aLatitude and Longitude represent the surface projection of the center of the model fault plane. Top, Bottom, and
Center are the depths of the top, bottom, and center of the uniform slip (0.5 m) model fault plane, respectively. RMS is
the root-mean-square misﬁt between model and observed displacements.
bFixed in inversion.
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4. Regional Seismicity From Calibrated Earthquake Relocations
In this sectionwe reassess earthquake hypocenter locations across thewider Simav-Gediz regionby analyzing
clusters of earthquakes with the mloc multiple-event relocation technique [Bergman and Solomon, 1990;
Walker et al., 2011], which is a based on the hypocentroidal decomposition (HD) method of Jordan and
Sverdrup [1981]. Like many other methods of multiple-event location, mloc estimates improved relative
locations of clustered events by minimizing path-correlated errors in theoretical traveltimes. Unlike other
methods, mloc has been specialized to determine calibrated locations when appropriate data sets are
available. A calibrated event is one for which the location bias (in an absolute sense) from unknown Earth
structure has been minimized and for which location uncertainty has been quantiﬁed. The problem of
unknown Earth velocity structure is reduced inmultiple-event relocationmethods by assuming that ray paths
from a close spatial cluster of events largely sample the same portion of Earth, such that the diﬀerences
in traveltimes mostly reﬂect the relative hypocenter locations. It is important to distinguish the improve-
ment in relative locations provided by all methods of multiple-event relocation from the question of the
accuracy of the relocated cluster as a whole in absolute terms. Our concept of calibration addresses that
question. Whether or not these relative locations can then be calibrated usually depends on the availability
of near-source data, and western Turkey is excellent in this regard as it has had dense station coverage since
the early 2000s (e.g., Figure S3). This allows us to use a subset of well-recorded modern events to calibrate
clusters that include older earthquakes.
The HD algorithm divides the relocation procedure into two independent inverse problems, and one advan-
tage of mloc over other relocation procedures is that each step may exploit an independent data set. (1) It
solves for the “cluster vectors” that describe the relative location of each individual event with respect to the
geometric center of the cluster, which is called the “hypocentroid.” This step can utilize all available data at
any epicentral distance. (2) Then, it solves for the location of the hypocentroid, which establishes the absolute
coordinatesof all events in the cluster. This couldbedoneusing the samesetof readings thatwereused toesti-
mate the cluster vectors, but such a solution would not be considered “calibrated” because of the signiﬁcant
uncertainties in theoretical traveltimes over large distances. For our calibrated locationswe used direct arrival
phases (Pg and Sg) at short epicentral distances only (<2∘), with readings normally selected up to the nearest
distance forwhich agoodazimuthal coverage is achieved. By keeping raypath lengths short, the accumulated
traveltime error from unknown velocity structure and the possible location error are minimized. Cluster
vectors are more bias-free than the hypocentroid location since they are determined from traveltime
diﬀerences. The two steps are repeated and usually converge upon a stable solution after two to four
iterations.
An additional advantage of mloc over other relocationmethods is its rigorous characterization of errors from
a variety of sources. After gross outlier readings are removed, empirical reading errors are estimated from
the actual data set using multiple samples of each station-phase pair, using a robust estimate of spread
[Croux and Rousseeuw, 1992; Ghods et al., 2012]. The scatter in residuals carries information about traditional
picking uncertainties and other sources of error and is used to weight the data and to identify additional
outliers [Ghods et al., 2012; Aziz Zanjani et al., 2013]. In this way, the data set is cleaned iteratively until the
spread of residuals resembles an approximate Gaussian distribution. In the inversion, residual traveltimes are
weighted inversely to the empirical reading error determined for that station phase.
In the earthquake relocation problem, the greatest uncertainty is usually encountered for focal depth and
origin time (because it is strongly coupled to focal depth) since their resolution depends on the accuracy
of the velocity model and the availability of suitable depth-sensitive phases. Focal depths can be estimated
with higher resolution by using teleseismic depth phases (pP, sP, sS) or by using near-source direct phase
arrivals (Pg, Sg). Depth phases are most useful for deeper teleseismic events, but shallower event depths
are harder to resolve due to the diﬃculties in phase identiﬁcation, which can make the probability den-
sity function bi-modal [Bergman, 2014]. For local events, Pg and Sg phases up to distances of several times
the focal depth provide strong depth constraint and in that case the HD method can treat depth as a free
parameter with uncertainties of <3 km [Aziz Zanjani et al., 2013; Bergman, 2014]. In many cases, however,
free-depth solutions areunstable for at least someevents in a cluster and it is preferable to setdepthsmanually
(minimizing residuals at nearby stations) and perform ﬁxed depth relocations. From the well-constrained
events we calculate a default depth which is applied to events that have no readings at nearby stations.
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Figure 5. (a) Earthquake hypocenters in the Simav cluster, colored according to their depth (black circles are older
events of uncertain depth). Numbers denote earthquakes with focal mechanisms in Tables 1 and S1. Each hypocenter is
shown with its 90% conﬁdence ellipse. The gray rectangle indicates the location of InSAR fault Model A (Figure 4), and
the green star denotes the 19 May 2011 Simav main shock hypocenter. (b) N-S and (c) E-W vertical proﬁles through the
same data, with hypocenters colored by depth as in Figure 5a and lines indicating their depth uncertainties. The gray
parallelograms show the projections of InSAR fault Model A onto the proﬁles.
This is often the case for older events. Errors in focal depthdonot aﬀect epicenter locations unless greater than
∼15 km [Ghods et al., 2012].
Older earthquakes (1960s–1990s) can be relocated together with modern events if they share readings from
the same stations. In order to provide this connectivity within our study area, which containsmany important
1960s and 1970s earthquakes as well as well-recorded modern ones, we started by relocating recent events
with a ﬁxed cluster depth that minimizes the trade-oﬀ between the available arrival times and the predicted
traveltimes. This depth is kept ﬁxed until the cluster is stable and outliers are removed. Then, the focal depth
of each event with near-source readings is set by manually ﬁtting the residuals or a free-depth solution is
performed if the cluster iswell connected.When theolder events are introduced into the stable cluster decade
by decade, their depths are kept ﬁxed.
In our study, all relocations are based on the same 1-D Earthmodel (Table 2) which is a composite of a custom
crustal model over the 1-D global average model ak135 [Kennett et al., 1995]. For a single event recorded at a
handful of stations, location trades oﬀ strongly with velocity, but by using hundreds of readings from multi-
ple events with ﬁxed relative locations, a stable velocity structure can be obtained. For crustal phases (Pg, Sg),
P wave and S wave velocities are adjusted to ﬁt the available arrival data in the source region. Because the
azimuthal coverage at short distances for the cluster as a whole is very good, the hypocentroid is stable with
respect to changes in the local velocity structure.Weﬁnd that thebest ﬁt is obtainedwith a three-layered crust
with P and Swave velocities of 5.3 km s−1 and 3.3 km s−1 for the top 12 km and 5.6 km s−1 and 3.45 km s−1 for
12–16 km depth. Lower crustal velocities (5.9 km s−1 and 3.5 km s−1) and crustal thickness (35 km) are deter-
mined by ﬁtting observed Pn and Sn arrival times after crustal velocities and focal depths have already been
determined (Figure S4). Our estimated crustal thicknesses of 38 km (Simav) and 35 km (Gediz andDemirci) are
KARASÖZEN ET AL. NORMAL FAULTING IN THE SIMAV GRABEN 4563
Journal of Geophysical Research: Solid Earth 10.1002/2016JB012828
Figure 6. The ﬁt between observed phase arrivals and theoretical traveltimes calculated from the local velocity model
(Table 2) at near-source distances for diﬀerent cluster depths. The shaded area shows the distance range that is most
sensitive to focal depth. Pg arrivals are indicated by red crosses and Sg by open red circles. Solid and dashed horizontal
lines indicate average residuals for Pg and Sg. The vertical dashed line shows the distance range up to which the
hypocentroid is calculated.
slightly greater than independent estimates from nearby receiver functions (31–34 km)[Saunders et al., 1998;
Karabulut et al., 2013; Tezel et al., 2013; Vanacore et al., 2013; Delph et al., 2015] and from regional waveform
inversion studies (33 km) [Horasan et al., 2002; Fichtner et al., 2013]. Many of these studies support the pres-
ence of a midcrustal (10–18 km) low-velocity zone in western Turkey, but we do not see clear evidence for a
reduction in velocity with depth in the form of a shadow zone (Figure S4).
4.1. 2011 Simav Aftershocks
We relocated a cluster of 195 events in the eastern Simav graben, including the 19 May 2011 main shock,
38 events preceding it (1969–2011), and 156 aftershocks (up to late 2013). This cluster beneﬁted from
excellent station coverage with 1536 arrival times for the location of the hypocentroid (distance <0.7∘) and
26,002 readings for the cluster vectors (Figure S3a). We started by relocating the recent earthquakes using
local station data, solving for depth once a robust velocity model was obtained (Table 2) and outliers were
removed. Depths are highly dependent on the readings fromnear-source stations (<0.2∘), sowe ﬁrst repicked
Pg and Sg phases of 23 best-recorded earthquakes at the closest stations (SIMA and SMAA), using waveform
data provided by the Kandilli Observatory. Then we introduced the older events into the cluster, ﬁxing their
depth at 15 km. Uncertainties for our calibrated epicenters are <1.5 km for modern events (2007–2013) and
1.9–3.4 km for older events (Figure 5 and Table S1). Though not formally deﬁned, we estimate uncertainties in
focal depth of between∼2 km (for events with near-source recordings) to∼4 km (for those without), through
multiple inversions performed with perturbed velocity models and arrival times.
Our calibrated earthquake hypocenters are concentrated in a condensed (∼10× 10 km) area near the eastern
end of the Simav valley (Figure 5). Although they do not delineate a clear fault trend, the location of themain
shock at the northern edge of the cluster provides some additional support toward our inference that the
north dipping Simav fault was active during this sequence. The hypocentroid of themain shock lies∼2 km SE
of the center of the InSAR fault plane but is∼10 kmdeeper. The depth range of themain shock and aftershock
hypocenters is 10–22 km, indicating that they initiated directly below, rather than on, the principal slip plane
of themain shock event as obtained from InSARmodeling. We further checked this result by performing four
additional inversions using events with near-source recordings only, ﬁxing the cluster depths at 5 km, 10 km,
and 20 km. At ﬁxed depths of 5–10 km, we ﬁnd strong positive residuals between observed Pg and Sg arrivals
and theoretical traveltimes over the near-source distance range 0–0.2∘, consistent with these depths being
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Figure 7. Goodness of ﬁt and best ﬁtting focal mechanism as a function of centroid depth from regional moment tensor
analyses. Best ﬁt solutions are listed in Table 4 and plotted in map view in Figure S5. At each 1 km increment in centroid
depth, the best ﬁtting mechanism is also plotted. Red arrows show the hypocenter depths calculated from calibrated
relocations.
too shallow (Figure 6). There is no systematic residual when hypocentroid depths are manually determined
(average ∼15 km), while at 20 km, a strong negative residual appears.
By contrast, Görgün [2014] and Demirci et al. [2015] obtained aftershock depth ranges of 2–24 km and
2–16 km, respectively, using the double-diﬀerence relocation technique [Waldhauser and Ellsworth, 2000].
This algorithm is more sensitive to the velocity model, since the relative location problem is not separated
from the absolute relocation problem and there is little emphasis on the uncertainties. The double-diﬀerence
technique also does not include a concept similar to “cleaning,” in which empirical reading errors are used to
identify and ﬂag outliers. We performed several inversions using Görgün [2014] epicenters, origin times, and
chosenvelocitymodel [fromAkyol etal., 2006]; all resulted in large residuals betweenobservedand theoretical
traveltimes at local and regional distances.
For eleven of the largest aftershocks (Mw 3.9–4.7), we complemented these focal (hypocenter) depths with
estimates of centroid depth from regional waveform modeling, using the methods outlined in section 3.2.
Preferred centroid depths are mostly 7–8 km, in close agreement with that of the main shock, but maxima in
the ﬁt as a function of centroid depth are less well deﬁned for the smaller events probably due to their lower
signal-to-noise ratio (Figure 7 and Table 4). Nevertheless, forcing the centroids deeper (approaching their
hypocenter depths) introduces a strong strike-slip component that is conspicuously absent from previous
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Table 4. Source Parameters for the Simav Main Shock and 11 Aftershocks From
Regional Moment Tensor Inversiona
Time Depth Strike Dip Rake
Event No. Date (UTC) (km) (∘) (∘) (∘) Mw
39 2011.05.19 20:15:22 7 285 55 280 5.8
46 2011.05.19 21:12:50 7 320 65 300 4.4
48 2011.05.19 21:33:10 9 290 60 290 4.1
61 2011.05.20 00:58:32 7 285 70 285 4.3
105 2011.05.27 07:43:36 8 295 65 300 4.4
113 2011.05.29 01:31:38 7 285 70 280 4.2
136 2011.06.27 21:28:50 8 325 65 305 3.9
181 2012.04.17 20:45:16 7 300 70 305 4.0
185 2012.04.26 22:05:32 7 300 70 295 4.7
189 2012.05.03 17:10:09 10 270 65 270 4.0
190 2012.05.03 21:45:16 12 105 35 290 4.2
191 2012.05.04 02:00:35 8 285 20 280 4.0
aSee Table S1 for hypocenter parameters.
instrumental focal mechanisms within the region (Figure 2b). This implies that the discrepancy of 7–12 km
between (shallower) aftershock centroid depths and (deeper) focal depths is real. We return to this point in
section 5.1.
4.2. The 28 March 1970 Gediz Earthquake and Aftershocks
The28March1970Gediz earthquake (Mw 7.1)wasoneof themostdestructiveearthquakes inwesternTurkey’s
history, killing more than 1000 people and damaging or destroying ∼ 20,000 buildings [Tas¸demirog˘lu, 1971;
Ambraseys and Tchalenko, 1972]. It is the only instrumental earthquake within our study area known to have
generated unequivocal, primary surface ruptures, in an unusual, “L”-shaped pattern that tracks across the
foothills of the eastern Saphanedag˘ and northern Muratdag˘ ranges and the plains of the Gediz river basin
[Ambraseys and Tchalenko, 1972] (Figure 2). The ruptures featured up to 2.7 m of normal slip on the ∼15 km
long ENE dipping As¸ıkpas¸a-Muhipler fault and up to 1.2 m of normal slip on the ∼20 km long, north dipping
Erdog˘mus¸-Hamamlar fault, with both faults also exhibiting minor left-lateral slip in places. Neither strand
is coincident with larger breaks in the topography indicative of dominant Quaternary faulting, although
trenching of the Erdog˘mus¸-Hamamlar fault by Gürbog˘a-Deveci et al. [2013] revealed evidence for two pale-
oevents ∼1000 years ago, hinting that the causative faults may be quite active during the Holocene. In
addition, several shorter, NW-SE trending, uphill facing scarps and ridge-top ﬁssures formedwithin hills in the
hanging wall of the As¸ıkpas¸a-Muhipler fault. This region is composed of weak, calcareous marls and these
features may represent sakungen formed by slumping rather than primary surface ruptures [Ambraseys and
Tchalenko, 1972].
A ﬁrst motions mechanism for the event by McKenzie [1978] is consistent with a NE dipping normal fault
with a NW-SE strike, intermediate with respect to the trends of the two main surface ruptures, and with a
rather shallow dip of 35∘ (Table 5). Teleseismic body waveform modeling by Eyidog˘an and Jackson [1985]
yielded amore complex source comprising ﬁve subevents. The ﬁrst and second subevents strike NNW andW,
respectively, accounting for the L-shaped surface fault trace, each with a dip of 35∘ and centroid depth of
10 km. The third and fourth subevents are required to match the shapes of the middle part of the modeled
P and SH seismograms, and a ﬁfth is needed to reproduce a large, long-period pulse observed at northern and
northwestern azimuths. Intriguingly, the ﬁfth subevent is deeper (15 km), shallower (20∘ dip), and of longer
duration (14 s) than the earlier events and may therefore represent late slip on a north dipping, low-angle
detachment.
However, subsequent waveform modeling by Braunmiller and Nábeeˇlek [1996] called into question the
involvement of low-angle faulting. Noticing that the late pulse at north and NW azimuths also appeared
in aftershock seismograms, they attributed it to structural (path) eﬀects rather than source complications.
Furthermore, they found that a single event with a mechanism similar to McKenzie [1978]’s ﬁrst motion
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Figure 8. Epicenters of earthquakes in the Gediz cluster, with 90% conﬁdence ellipses. Numbers and stars denote
earthquakes with focal mechanisms in Tables 5 and S2. Surface ruptures of the 1944 Çeltikçi and 1970 Gediz
earthquakes are taken from Ambraseys and Tchalenko [1972].
solution produced a better match to observed SH waveforms than more complex listric or multiple-event
models.
Our Gediz cluster includes 198 earthquakes reported by the International Seismological Centre during the
period 1970–2013. The ray paths used for direct calibration (Figure S3b) provide strongdensity and azimuthal
coverage, providing 1133 short distance readings (distance<0.8∘) used for hypocentroid location. The uncer-
tainties in the locations, which are given by the length of the larger semiaxes of the conﬁdence ellipses
(L2 in Table S2), vary between∼1.0 and 3.5 km, withmost events<2 km. The Gediz main shock and its largest
aftershocks have uncertainties of 1–2 km (#1, #13, #15, and #30 in Table S2) which represents a signiﬁcant
improvement in accuracy over International Seismological Centre (ISC) locations. We initially ﬁxed the focal
depth to 15 km, and after the necessary cleaning, depths for the modern events that have phase readings at
short epicentral distance are set by performing free depth inversions.
This cluster revealed a relatively narrow (∼15 kmwide), WNW-ESE trending band of seismicity. The calibrated
location for the main shock is situated ∼12 km southwest of its ISC location (Figure 8) and is now more
consistent with the mapped L-shaped surface rupture [Ambraseys and Tchalenko, 1972] and with Eyidog˘an
and Jackson [1985]’s interpretation that the main shock nucleated on the NNW-SSE trending As¸ıkpas¸a-
Muhipler fault, before rupturing unilaterally toward the southeast. There is no concentration of events at the
intersection of the As¸ıkpas¸a-Muhipler and Erdog˘mus¸-Hamamlar faults, suggesting a relatively continuous
linkage of these structures at depth. Single-event sourcemodels for this event indicate a rather shallow dip of
∼35∘, close to the lower bound of what is mechanically feasible in most normal faulting settings [Jackson and
White, 1989]. However, there is no indicationof aftershocks locatedalongor aroundadeep, very shallow-angle
(∼20∘), northward extension of this fault, as was suggested by Eyidog˘an and Jackson [1985] on the basis of
their multiple-event modeling.
There are concentrations of events associated with both terminations of the surface faulting, but seismicity
also extends beyond the 1970 surface rupture, particularly toward the east where it may illuminate an east-
ern extension to the Erdog˘mus¸-Hamamlar fault along the northern margin of the Muratdag˘ range. There is a
greater concentration of events beyond the southeastern rupture termination (i.e., in the direction of rupture
propagation) than beyond the northwestern termination, in spite of the fact of that surface slip (and, thus,
static stress change) is generally lower in the SE rupture zone than in the NW. This suggests that some of the
southeastern aftershocks were triggered by transient surface waves, which were presumably largest at those
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Figure 9. Epicenters of earthquakes in the Demirci cluster, with 90% conﬁdence ellipses. Numbers and stars denote
earthquakes with focal mechanisms in Tables 6 and S3.
azimuths, a phenomenon that has been noted for several other unilateral ruptures [Gomberg et al., 2003]. The
steeper northern slopes and gentler southern escarpment of Muratdag˘ may indicate long-term rotation of
the footwall block, though the physiography is much less distinctive than for the Demircidag˘ range in the
footwall of the Simav fault.
4.3. March 1969 Demirci Earthquakes and Aftershocks
TheDemirci sequence startedwithMw 5.9 andMw 6.0 earthquakes on 23 and 25March 1969, which damaged
∼1700 buildings but did not cause any fatalities [Ambraseys and Tchalenko, 1972]. The heaviest damage
occurred ∼10 km north of the town of Demirci. There were unconﬁrmed reports of surface deformation in
the hills of the western Simav graben [Seyitog˘lu, 1997], although there are no robust indications of primary
surface ruptures.
McKenzie [1972]’s ﬁrst motion solution for the 23 March 1969 main shock supports an ∼E-W striking normal
mechanismwith a component of oblique slip. Subsequent teleseismic bodywaveformmodeling by Eyidog˘an
and Jackson [1985] and Braunmiller and Nábeeˇlek [1996] indicate slip on a ∼WNW-ESE trending normal fault
with a centroid depth of 8.0 km (Table 6). None of these solutions could resolve the ambiguity in dip direction,
since both nodal planes have plausible dips of 34∘–56∘. The second large event on 25 March 1969 has a
similar ﬁrst motion and initial teleseismic body waveform solution [McKenzie, 1972; Eyidog˘an and Jackson,
1985], whereas Braunmiller andNábeeˇlek [1996]’s later analysis, whichmodels SH aswell as P seismograms, has
a deeper centroid (10 km) and a NW-SE strike. Two subsequent aftershocks (30 April 1969 and 23 April 1970)
were large enough for a ﬁrst motions solution to be obtained, again indicating E-W oriented normal faulting
[McKenzie, 1972, 1978].
Eyidog˘an and Jackson [1985] suggested that the two largest events ruptured the south dipping Akdag˘ fault,
on the northern margin of the Simav graben, because the trunk stream in the graben hugs the Akdag˘ fault
rather than the north dipping Simav fault on the southern side. However, Seyitog˘lu [1997] claimed that the
earthquakes ruptured the north dipping Simav fault due to fresh fault surfaces they observed near the south
side of the graben. The asymmetry of the graben may instead reﬂect the greater erodibility of metamorphic
rocks in the footwall of the Simav fault compared to granitic rocks in the footwall of the Akdag˘ fault.
For the relocationof theDemirci sequence,wegathereda cluster of 190events in theperiod1969–2013.Good
regional azimuthal coverage is available, and we utilized 1086 short distance arrival times (<0.85∘, mostly Pg
and Sg) (Figure S3c). A depth range of 9–22 km was obtained for the events with near-source readings, and
for the remaining earthquakes a ﬁxed depth of 14 kmwas used. Calibrated hypocenters have errors of 1–5 km
with smaller uncertainties of <2 km for the largest events (Figure 9 and Table S3).
Our relocation places the hypocenters of the Demirci earthquakes of 23 and 25March 1969 (Mw 5.9,Mw 6.0) in
very close proximity to each other, a few kilometers south of the surface trace of the Simav fault. These events
cannot therefore have ruptured the north dipping Simav fault, let alone a low-angle, northward extension of it
as was proposed by Seyitog˘lu [1997]. Instead, the relocatedDemirci hypocenters, nodal plane dips (∼35–55∘),
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and centroid depths (∼8–10 km) are consistent with slip on a deep portion of the south dipping Akdag˘ fault
zone, which is marked at the surface by discontinuous escarpments on the north side of the Simav graben.
However, the apparent lack of primary surface rupturing prevents us from ruling out slip on a north dipping
fault, which would project to the surface somewhere along the gently dipping southern ﬂank of Demircidag˘
(there arenoobvious candidate surface faults in this area). Our analysis also reveals a SW-NE trending structure
near the southwest corner of the cluster, in another area which lacks any mapped active faults.
5. Discussion
5.1. Mechanical Properties of the Seismogenic Layer
Well-recorded hypocenter depths in the eastern Simav basin are concentrated over a depth range of
10–22 km, which presumably marks the transition zone between brittle (velocity-weakening) and ductile
(velocity-strengthening) behavior in themiddle crust [Scholz, 2002]. However, there is a striking vertical sepa-
ration between these focal depths andboth the principal slip patch of the 2011 Simavmain shock (∼6–10 km)
and the aftershock centroid depths from regional waveform modeling (which range from 7 to 12 km). The
main shock hypocenter—the point at which seismic slip initiated—lies directly below the resolvable slip
patch rather than on it or at its lower boundary. The 13Mw 3.9–4.7 aftershocks analyzed with regional wave-
forms (Table 4 and Figure 7) have centroid depths that are on average∼9 km shallower than their focal depths,
yet their source dimensions are probably no more than ∼2 km, implying that they too are initiating in areas
of low slip, below rather than along the edge of their main rupture patches. Though surprising, these are not
the ﬁrst known examples of such behavior. The hypocenter of the 2000 Tottori, Japan earthquake (Mw 6.6)
occurred at a depth of∼14 km, at the lower edge of themain aftershock zone (6–12 km) and below the zone
of resolvable slip (0–8 km), as if the earthquake crossed but left largely unruptured a large asperity [Semmane
et al., 2005]. The hypocenter of the 2014 South Napa, California earthquake (Mw 6.1) was located at a depth
of∼11 km, near the base of the principal aftershock zone (7–12 km) and below the main slip patch (0–8 km)
[Wei et al., 2015].
The Simav main shock rupture extended upward to a top depth of approximately 6 km, well short of
the surface. However, surface faulting up dip of the rupture is clear in the topography, marked by the steep
southern escarpment of the Simav graben. This begs the question how and when slip is accommodated on
the shallow portion of the Simav fault. This shallow fault section may be velocity strengthening, particularly
if composed of weak fault gouge, in which case it is likely to slide at slow rates as postseismic or interseismic
creep [e.g., Marone et al., 1991]. This inference is supported by the apparent absence of shallow aftershocks,
as if dynamic stresses forced the main shock rupture into a velocity-strengthening layer [e.g.,Wei et al., 2015].
However, there are other plausible explanations for the upper termination of the 2011 rupture such as struc-
tural control by antithetic faulting [Elliott et al., 2011] or by a discrete layer of weak rocks [Nissen et al., 2011]
and so we cannot rule out seismogenic slip in a future earthquake.
5.2. Regional Patterns of Normal Faulting
An interesting overall aspect of the last century of seismicity in the Simav-Gediz region is that by far the largest
event—the 1970 Gediz earthquake (Mw 7.1)—occurred in an area of slower extension and indistinct surface
faulting yet generated large surface breaks, while the well-deﬁned andmore rapidly extending Simav graben
is associated with several smaller, Mw 5.0–6.0 events, none of which produced surface slip. This pattern
highlights the diﬃculty in anticipating earthquakemagnitude limits basedonmapped fault segment lengths,
even in areas of rather rapid continental deformation: without knowledge of the 1970 earthquake, the
surface traces of the As¸ıkpas¸a-Muhipler and Erdog˘mus¸-Hamamlar faults would be diﬃcult to discern even
with modern satellite imagery. That said, our relocations also highlight the existence of a signiﬁcant gap in
larger instrumental events along the central section of the ∼40 km long, straight Simav fault, which poses a
clear hazard to the area.We further demonstrate the value of calibrated hypocenters by using them tomap an
eastern continuation of the 1970 faulting in an area where active normal faulting is not currently universally
recognized. A general observation is that though our study area lies at the northern edge of the Menderes
Massif, a major metamorphic core complex, there is no support for involvement of seismogenic low-angle
(<30∘ dipping) normal faulting in any of the recent large earthquake focal mechanisms or their aftershock
distributions nor dowe observe a consistent, signiﬁcant component of right-lateral slip, contrary to published
fault maps of the region [S¸arog˘lu et al., 1992; Emre et al., 2011].
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6. Conclusions
Seismic waveform and InSAR modeling of the 2011 Simav earthquake reveal rupture of the steep, planar,
north dipping Simav fault. The centroid depth was 7–9 km, but there was little or no slip in the upper few
kilometers, indicating either that the shallow portion of the fault slips aseismically during a later stage in
the earthquake cycle or that it may rupture in a future earthquake. More unusually, the hypocenters of the
main shock and largest aftershocks were located at depths of 10–22 km and are systematically deeper than
their own centroids, suggesting that they nucleated in a region of low coseismic slip. Similar focal depth
ranges were obtained for modern events to the west and east. Seismicity in the central and western Simav
graben is distributed oﬀ themain Simav fault, indicating activity on neighboring structures, and the hypocen-
ters of the Mw 5.9, Mw 6.0 Demirci doublet are consistent with slip on the antithetic, south dipping Akdag˘
fault. Further east, seismicity includes some likely dynamically triggered aftershocks and reveals an eastern
continuation of the 1970 Gediz earthquake faulting along the northernmargin of theMuratdag˘ range. Larger
earthquakes throughout the Simav-Gediz region involvemoderately to steeplydippingplanar faultswithonly
small components of strike slip.
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